ABSTRACT: Malaria transmission in South America is overwhelmingly located in the Amazon region with limited cases outside that biome. A key factor in the mitigation of malaria transmission is the determination of vector diversity and bionomics in endemic areas. Anopheles mosquitoes were collected in four different landscapes of Cruzeiro do Sul-Acre, the current area with highest malaria transmission in Brazil. We performed adult mosquito collections every three months over two years and associated vector occurrence with local abiotic factors. A total of 1,754 Anopheles belonging to nine species were collected, but only four of them (An. albitarsis s.l. Lynch-Arribalzaga, An. braziliensis Chagas, An. peryassui Dyar and Knab, and An. triannulatus Neiva and Pinto) represented 77.1% of the total. Vector density and diversity was uneven across field sites and collection periods. Higher Anopheles abundance (54.8%) and richness were observed in a deforested palm tree area (IFC), with An. braziliensis the most frequent mosquito (40.5%). Only 7.3% of mosquitoes were collected in the SAB village, but 66.4% of them were An. darlingi and An. oswaldoi, species often regarded as primary and secondary vectors of malaria in the Amazon region. A distinct biting preference was observed between 18:00-19:40. The distance from the nearest breeding site and minimum temperature explained 41.6% of the Anopheles community composition. Our data show that the Anopheles species composition may present great variation on a microgeographic scale. Journal of Vector Ecology 43 (2): 235-244. 2018.
INTRODUCTION
The mosquito Anopheles darlingi is the primary vector of malaria in the Amazon region, mostly due to its biting preferences and occurrence in the peridomestic areas in close vicinity to human dwellings (Elliott 1972 , Deane 1986 ). This species is the most effective Neotropical malaria vector and is associated with malaria dynamics in forest areas in which the landscape is undergoing intensive ecological changes promoted by deforestation and land use (Hahn et al. 2014 , Emerson et al. 2015 , Tucker Lima et al. 2017 . However, malaria transmission also has secondary vectors, mosquito species that play a supplementary role but are unable to sustain disease transmission in the absence of the primary vector. In the Amazon region, An. oswaldoi, An. triannulatus, An. albitarsis, and An. peryassui, for instance, have been considered malaria secondary vectors (Deane 1986 , Pimenta et al. 2015 . In this scenario, the diversity in behavior and ecology exhibited by different vector species promote major limitations for adopting a single large-scale vector control initiative, corroborating the need for developing integrative vector management approaches in such places.
Following a global trend, malaria transmission has decreased over 75% in incidence in countries such as Brazil, Colombia, Mexico, and Suriname in the past 15 years (WHO 2015) . Brazil recorded a 76.8% reduction in malaria transmission, which remains entrenched in the Amazon Basin with 99.8% of the country's burden (Oliveira- Ferreira et al. 2010, Ferreira and Castro 2016) . Despite this national reduction, the State of Acre has consistently been regarded as the most endemic region of malaria transmission in Brazil since 2000. In fact, from the 808 Municipalities located in the Amazon region, only 37 of them reported around 80% of all cases in 2013. The city of Cruzeiro do Sul, an urban settlement in the northwestern Acre located in the Juruá river valley, is responsible for more than 50% of the malaria cases in Acre since 2004 (Silva et al. 2012 , de Pina-Costa et al. 2014 , dos Reis et al. 2015a , Melchior and Neto 2016 . The explanation for the rise of malaria transmission in Acre relies on Brazilian Federal Government's poverty alleviation programs focused on enhancing local development and economy (dos Reis et al. 2015b ). In the last decade, fish farming activities received significant financial resources as an alternative to reducing deforestation and increasing occupancy in abandoned areas. The construction of fishponds, either by digging ponds on river banks or by damming rivers, provided perennial breeding sites for Anopheles spp., posing a serious concern for malaria epidemiology on these sites (Tadei et al. 1998 , Maheu-Giroux et al. 2010 , dos Reis et al. 2015b .
Therefore, significant progress on malaria control can only be achieved through the disclosure of factors that favor transmission in local endemic settlements. In this report we evaluated Anopheles abundance in four geographically close but different landscapes of Cruzeiro do Sul, one of the most endemic area of malaria in Brazil over two years and associated vector occurrence with local abiotic factors. Revealing vector abundance and bionomics on endemic areas might be the first step in designing a more comprehensive vector control strategy.
MATERIALS AND METHODS

Study areas
The Municipality of Cruzeiro do Sul is one of the most endemic areas of malaria in the Brazilian Amazon. The city of Cruzeiro do Sul has an estimated population of 74,000 and registered an average of 18,000 malaria cases yearly since 2003, with a slight tendency toward reduction in incidence over time (Melchior and Chiaravalloti Neto 2016) . It is located at 182 m asl with a tropical climate, characterized by constant warm temperatures (annual average of 25 °C) and relative humidity often higher than 85%. The driest period is between June and September. The total annual rainfall ranges between 1,140 and 2,700 mm.
In order to provide a snapshot of how landscapes shape anopheline vector distribution, we performed mosquito collections in four different sites of Cruzeiro do Sul, each representing a particular landscape: IFAC Campus (7°34'42''S 72°44'30''W; IFC), Moa river (7°36'59''S 72°47'34''W; MOA), Saboeiro (7°38'16''S 72°41'14''W; SAB), and Fish Farm (7°33'01''S 72°45'38''W; FIF) ( Figure 1) . Remarkably, the four sites were located less than 12 km distant from each other, therefore mosquito collections were done in sites with similar macro climatic conditions. IFC is one of the most important college campuses within Cruzeiro do Sul. It is built on a deforested hill, receiving around 620 students every day, despite no householders living in its close vicinity. It is partially surrounded by buriti (Mauritia flexuosa) palm tree forest and small fragments of primary forest. At about 150 m downhill there is a 39,000 m 2 weir that supplies water for nearby rural properties. Adult collections were conducted on a flat clearing in the woods, around 35 m away from the left margin of the weir.
MOA is a river that flows through the northern part of the Serra do Divisor National Park until it joins the Juruá river, near the Peruvian border. The river has primary moist forest on both margins and is a public recreational site for the city inhabitants, who swim in the morning and socialize in the evening. This area is subject to intense flooding due to increased river levels in the rainy months. Adult collections were done in a clearing less than 10 m from the river margin.
SAB is the neighborhood with the highest incidence of malaria in Cruzeiro Do Sul. It is an urban landscape located on the outskirts of the city, with around 500 inhabitants living in the immediate surroundings of a polluted stream used for children's recreation and sewage waste. Besides human dwellings, the landscape is composed of a few trees and a highly degraded ciliary forest. Some animals, including cats, dogs, and horses are often seen in common areas.
Finally, the fourth collection point, FIF, is a Fish Farm situated on a rural property located 12 km away from the city center. By the time of collections, around 20 artificial tanks of 4,000-5,000 m 2 each were active, producing fish of five different species, but mostly Arapaima gigas, Colossoma macropomum, and Pseudoplatyatoma coruscans. Part of the rural property is occupied by pasture for livestock, especially cattle raising. Adult collections were conducted close to the tanks (1 m away) and 1.3 km from the farmhouse.
Climatic variables
The climate of Cruzeiro do Sul is classified as tropical rainforest (also known as equatorial), which is characterized by high temperatures and humidity all year with frequent and heavy rainfall. Mean temperatures are consistently reported between 25-30 °C and relative humidity seldom decreases below 60% (INMET 2017. http://www.inmet.gov.br/portal/. Accessed 1 Apr 2018.). The ombrothermic curve of Cruzeiro do Sul in the period 1961-1990 reinforces the equatorial climate observed in this area.
Adult mosquito collections
Adult mosquito collection was performed every three months during a two-year period in the four study areas (i.e., a total of eight field collections per site, starting on February, 2014 and ending on November, 2015). Collections in the four sites occurred during four consecutive nights (one site per night) on the first week of each selected month. Mosquito capture was done using a horse-baited Shannon trap. Collected adult mosquitoes were kept alive and transferred to the laboratory on the IFAC campus for further taxonomic identification. The identification of the specimens was based on the larval, pupal, and adult morphological characters using standard taxonomic keys.
Adult mosquitoes were collected at 20-min intervals on a local horse used as bait starting at 17:00 until 21:00 and stored in a plastic cylinder cage (12 cm height and 10 cm base perimeter). Local climatic characteristics such as temperature, relative humidity, wind speed, and direction were recorded every 20 min using a weather station (Instrutemp, ITWH model 1080, São Paulo, Brazil) installed on each site. We then correlated the number of adult mosquitoes collected in the Shannon trap with abiotic parameters obtained on a microgeographic scale.
Ethical and regulatory issues
We used unsecured local horses as bait in the Shannon traps. Since the horses are already exposed to mosquito bites on an everyday basis, there was no need to request authorization for the Ethics on Animal Use Committee to shelter and prevent mosquito bites in the Shannon trap.
Data analysis
All following analyses were performed in the R environment with the vegan package (Oksanen et al. 2016) . Mosquito captures were grouped according to the collection period (one night every three months) to access potential spatial differences in the anopheline community across collection sites. Alpha diversity was calculated through richness, exponential Shannon index, Simpson index, and Evenness. We opted for the exponential Shannon index (also known as the effective number of species) because it weighs species by frequency, equally favoring rare and abundant taxa (Jost 2006) . Richness (normal distribution, Shapiro-Wilk test W = 0.94; p-value = 0.11) was compared among sites with one-way ANOVA (followed by Tukey post-hoc test) while exponential Shannon and Simpson indexes and Evenness (non-normal distribution, Shapiro-Wilk test; W = 0.93, 0.87 and 0.82, respectively, p-value < 0.05) were compared via Kruskal-Wallis tests (followed by a Dunn test). P-values were adjusted for pairwise comparisons by the Bonferroni criteria.
To detect shifts in the species composition in the anopheline communities across collection sites and determine whether environmental variables significantly explain potential differences, a Canonical Correspondence Analysis (CCA) (Ter Braak 1986 , Reiskind et al. 2017 ) was applied. The abundance data were squared root transformed to mitigate the differences between abundant and rare species and divided by the capture effort (total capture hours of the collection periods) (Reiskind et al. 2017) . Major axes of variation were obtained for the sites x abundance anopheline species matrix and the following environmental variables included as predictors: Temperature (minimum, maximum, and mean observed during the day of collection), relative humidity (minimum, maximum, and mean observed during the day of collection) and the distance from the nearest breeding site. Environmental variables were selected with the ordistep automatic stepwise model building tool that applies permutation tests (Oksanen et al. 2016 
RESULTS
Mosquito collection
A total of 1,754 adult mosquitoes was collected during the eight sampling periods (~117 h sampling effort) in the four field sites ( Table 1 ). From that, appropriate identification of 72 (4.1%) specimens were inconclusive due to morphological damage by specimens handling after collection. Among the nine species sampled, only four accounted for 77.1% of the mosquitoes adequately identified: An. albitarsis s.l., An. braziliensis, An. peryassui, and An. triannulatus. More than half (54.8%) of the mosquitoes were collected on IFC, the area with an influx of people due to daily teaching activities on the campus. The lowest abundance of anopheline mosquitoes was registered in SAB (7.3%) (Table 1, Figure 2) .
The abundance of the most epidemiologically relevant species was uneven across field sites and seasons (Table 1, Figure 2 ). Regarding IFC, the abundance of An. albitarsis, An. braziliensis, An. darlingi, An. peryassui, and An. triannulatus was frequently below 60 insects per species, with a peak of An. braziliensis and An. peryassui in August, 2015 ( Figure  2A ). At MOA, mosquito abundance was often lower, below 20 mosquitoes per species, except for slight increases in An. mattogrosensis abundance in May, 2014 and in November, 2014 . There was also a peak of An. triannulatus in November, 2014 ( Figure 2B ). The SAB presented no An. albitarsis and the lowest absolute occurrence of the other aforementioned species. This site exhibited the higher relative occurrence of An. darlingi and An. oswaldoi in February, 2014 as well as a minor increase in these two species in May, 2015 ( Figure 2C ). The FIF displayed a unique scenario since the anopheline assemblage was dominated by An. albitarsis, with 92.4% of total mosquito collections ( Figure 2D ).
Diversity indexes
Species richness and diversity indexes significantly varied among sampling sites (Figure 3) . Species richness was significantly higher at IFC and MOA when compared to the FIF (IFC vs FIF: t = -4.79, p < 0.0001; MOA vs FIF: t = -3.62, p = 0.007) ( Figure 3A) . Moreover, the FIF presented significant lower Simpson and exponential Shannon diversity indexes when contrasted to IFC, MOA, and SAB as a result of An. albitarsis dominance in this Anopheles community ( (Figure 3 ). Evenness could be not calculated for three and two collection periods of FIF and SAB, respectively, due to the encounter of one single species. No significant differences were found regarding this index ( Figure 3D ).
Host-seeking
Overall, considering the 17:00-21:00 collection employed here, the most abundant Anopheles species were more frequently collected between 18:00 and 19:40 ( Figure  4 ). Adult collections before and after this period were rare. At IFC (the site with the greatest diversity), An. braziliensis and An. peryassui presented a peak of hematophagy between 18:20-19:20, i.e., a period of one h ( Figure 4A ). At MOA, An. peryassui was active during a shorter period than at IFC, from 18:00 to 18:40, meanwhile An. triannulatus had its hematophagy peak between 18:40-19:20 ( Figure 4B ). At SAB, An. darlingi and An. oswaldoi were predominantly captured at 18:00-19:20 ( Figure 4C) . Finally, at FIF, the site with the lowest diversity, a long-lasting peak of hematophagy was detected in An. albitarsis ( Figure 4D ).
Effects of environment on Anopheles diversity
The final CCA model included the environmental variables "distance from the nearest breeding site" and "minimum temperature, " explaining 41.6% of the variation in the sampled anopheline communities (F=9.60; p=0.001; 999 permutations). Both environmental variables were considered statistically significant (distance from the nearest breeding site: F= 15.00, p= 0.001, 999 permutations; minimum temperature: F = 4.2; p-value = 0.011 ), as well as the two CCA axis (CCA1: F=15.20; p=0.001, 999 permutations; CCA2: : F = 4.0; p = 0.027, 999 permutations) which accounted for 32.9 and 8.6% of total variance of the data.
Overall, the anopheline communities from MOA and SAB, where collections were performed 200 m away from the nearest larval sites, tended to cluster together along the first CCA axis in the ordination plot. In these sites, An. albitarsis was rare or absent, respectively, and An. darlingi, An. oswaldoi, and An. mattogrosensis were the most abundant species, although the relative contribution of them was variable ( Figure 5) . Meanwhile, IFC, where collections occurred 35 m away from the nearest larval site, also exhibited a substantial overlap in community composition with MOA and SAB. Anopheles darlingi and An. triannulatus were also the most abundant species at this site. The FIF exhibited a scenario with the absolute dominance of An. albitarsis, thus forming a distinct cluster in the ordination plot ( Figure 5 ). In the FIF site, collections were made at 1 m from the breeding site, with the exception of FIF1, where collection was done at 500 m from the breeding sites due to logistic issues. No An. albitarsis were collected at this point. FIF1 differed from other collections in FIF. The aforementioned clustering patterns indicate some local consistency in mosquito assemblages during the eight collection periods. Das et al. 2011 , Ramirez et al. 2016 . In this report, we evaluated one of the key components of malaria transmission in the most endemic region of Latin America: the diversity of Anopheles species in four different landscapes during a two-year period. In general, differences on mosquito diversity among sites may be one of the most important factors explaining local differences in malaria transmission (Elliot 1972 , Deane 1986 ). Here we demonstrated significant differences in the composition of the Anopheles mosquitoes among the four sites, despite the limited geographic distance among them. For instance, IFC and FIF are only 3.6 km distant from each other.
Among the environmental changes faced by the Amazon forest over the last decades, the effects of deforestation on malaria transmission is likely the most well documented (Walsh et al. 1993 by altering species composition and abundance , Rubio-Palis et al. 2013 . However, as expected, each mosquito species has a particular distribution, life-history, and habitat preferences, and therefore would react differently to changes in landscape (Tucker Lima et al. 2017) . Data regarding the three most abundant mosquito vector species collected in the Peruvian Amazon across different landscapes (primary forest, secondary forest, farm and village) showed An. darlingi was more abundant in villages, with An. triannulatus more common in primary and secundary forests (Zimmerman et al. 2013 , Tucker Lima et al. 2017 . Our data showed that despite their proximity, Anopheles diversity was highly dependent on local landscapes. For instance, a high frequency of An. darlingi occurred only in the deforested area of SAB (27.3% of captured mosquitoes), with low density or absence in the other field sites (Table 1, Figure 2) . Anopheles triannulatus was abundant at IFC and MOA, while An. mattogrossensis were collected in MOA but was almost nonexistent at other sites. The most collected species was An. braziliensis, representing 40.5% of mosquitoes caught at IFC.
Vector biting activity is one of the biological parameters directly related to malaria epidemiology. In fact, some research has demonstrated shifts in the peak of hematophagy after the introduction of insecticide-treated nets (ITNs) and indoor residual spraying (IRS) (Fornadel et al. 2010 , Bugoro et al. 2011 . By grouping captured mosquitoes every 20 min (instead of hourly), we were able to provide detailed peak biting activity in the four field sites. Overall, the most abundant mosquito in each site presented its peak between 18:00 and 19:40 (Figure 4 ). In IFC, An. braziliensis, An. triannulatus, and An. peryassui were more frequently collected between 18:20 and 19:20. At MOA, An. triannulatus presented a remarkable peak from 18:40 to 19:00, while at SAB, An. oswaldoi presented a more intense biting activity between 18:40 and 19:00. Finally, at FIF, biting activity of An. albitarsis was the longest registered, starting at 18:00 and extending up to 19:40.
The municipality of Cruzeiro do Sul is frequently described as the most endemic malaria region in the Brazilian Amazon. Due to recent economic development, landscape use has changed in the last decades in the north region, altering Anopheles species composition and modifying the risk of malaria transmission (Vittor et al. 2006 , Ferreira and Castro 2016 , Tucker Lima et al. 2017 . We have demonstrated a variation in mosquito composition across the selected sites despite the limited geographic distance that separates them from each other. Intuitively, composition of Anopheles diversity must impact malaria transmission at a local setting. For instance, significant differences regarding species abundance, richness, and diversity indexes, as well as in hematophagic activity patterns, were observed among field sites. These changes are likely to affect malaria incidence on a microgeographic scale, but a deeper investigation is required to evaluate how each biotic and abiotic variable can affect malaria transmission.
